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To study DNA double-strand break (DSB) repair in mammalian cells, the Saccharomyces cerevisiae HO endonuclease
gene, or its recognition site, was cloned into the adenovirus E3 or E1 regions. Analysis of DNA from human A549 cells
coinfected with the E3::HO gene and site viruses showed that HO endonuclease was active and that broken viral genomes
were detectable 12 h postinfection, increasing with time up to ;30% of the available HO site genomes. Leftward fragments
of ;30 kbp, which contain the packaging signal, but not rightward fragments of ;6 kbp, were incorporated into virions,
suggesting that broken genomes were not held together tightly after cleavage. There was no evidence for DSB repair in
E3::HO virus coinfections. In contrast, such evidence was obtained in E1::HO virus coinfections of nonpermissive cells,
suggesting that adenovirus proteins expressed in the permissive E3::HO coinfection can inhibit mammalian DSB repair. To
test the inhibitory role of E4 proteins, known to suppress genome concatemer formation late in infection (Weiden and
Ginsberg, 1994), A549 cells were coinfected with E3::HO viruses lacking the E4 region. The results strongly suggest that the
E4 protein(s) inhibits DSB repair. © 2000 Academic PressINTRODUCTION
The widespread interest in the potential of adenovi-
ruses as therapeutic vectors has overshadowed the util-
ity of hybrid viruses as tools to study intracellular pro-
cesses. The origins of such research began with the
analysis of human adenovirus–SV40 hybrids that were
capable of replication in otherwise nonpermissive mon-
key cells because of the expression of a domain of the
SV40 T antigen [reviewed in Klessig (1984)], but the full
potential of this approach was realized only when it
became practicable to create the desired recombinant
genomes in vitro [for early reviews see Gluzman et al.
(1982) and Berkner (1988)]. Although adenovirus vectors
expressing a wide variety of individual gene products
have been produced, very few have been created to
investigate the mechanisms underlying DNA repair or
recombination. The exceptions include those that ex-
press the cre site-specific recombinase, which has been
used to restructure viral and cellular genomes in vivo
(Anton and Graham, 1995; Wang et al., 1995; Parks et al.,
1996; Hardy et al., 1997; Kanegae et al., 1995; Wang et al.,
1996), and the bacteriophage T4 endonuclease denV,
which was shown to be capable of functioning as a
replacement for the mutant protein in xeroderma pig-
1 To whom correspondence and reprint requests should be ad-
ressed at Department of Microbiology, Columbia University, HHSC
308, 701 West 168th Street, New York, NY 10032. Fax: (212) 305-1468.
-mail: csyl@columbia.edu.
21mentosum cells of groups A, C, and E (Colicos et al.,
1991). These experimental precedents suggest that ad-
enovirus vectors hold great promise as tools to investi-
gate DNA metabolism. They can be used to infect a wide
range of cell lines from a variety of species, including
cells with deficiencies in DNA repair.
Among the processes that might be investigated using
adenovirus vectors are those involved in double-strand
break (DSB) repair (DSBR) in mammalian cells. DSBR is
not only crucial to the survival of the cell, but also is
involved in the developmentally regulated rearrangement
of B cell and T cell receptor loci [for a recent review see
Lieber (1998)]. Genetic and biochemical data from both
mammalian cells and fungi show that DSBR depends on
the activities of a large set of proteins including DNA-
dependent protein kinase; DNA ligase IV and its stimu-
latory protein, the product of the XRCC4 gene; and the
protein products of the Mre11, Rad50, and mammalian
NBS or the yeast equivalent Xrs2 genes. Recently, an in
vitro system for DSBR, which is dependent on this set of
proteins (Baumann and West, 1998), was described.
However, despite advances in identifying the compo-
nents of DSBR in mammalian cells, many questions
remain about the precise mechanisms operating on
DSBs occurring in vivo, and there continues to be a need
for simple assays for DSBR. Until recently, such assays
have depended either on the transfection of restriction
enzyme-cleaved substrate DNA [reviewed in Roth and
Wilson (1988)] or on the introduction of purified restric-
tion enzymes themselves into the cell [see for example
0042-6822/00 $35.00
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212 NICOLA´S ET AL.Phillips and Morgan (1994); Liu and Bryant (1993); Costa
and Bryant (1991)]. Subsequent analyses of the fates of
the broken DNAs have usually taken place after a long
period of time and/or the selection of specific recombi-
nant products. Despite the success of these methods in
suggesting several important aspects of DSBR in mam-
malian cells (Roth and Wilson, 1988), they do not allow
the fate of DSBs created in vivo at specific genetic
locations to be followed in real time. This approach has
been particularly productive in Saccharomyces cerevi-
siae, in which the mating type switch HO endonuclease
and its recognition site have been exploited to examine
the mechanisms of both homologous and nonhomolo-
gous recombinational repair [reviewed in Haber (1995)].
More recently, conditional expression of the EcoRI endo-
nuclease has allowed detailed genetic analysis of those
genes essential for nonhomologous DSBR in S. cerevi-
siae (Lewis et al., 1998, 1999). In mammalian cells, the
evelopment of cell lines and plasmid vectors express-
ng the intron-encoded enzyme I-SceI, has allowed a
loser look at the repair of specific DSBs, created and
esolved in vivo (Rouet et al., 1994a,b; Sargent et al.,
997; Choulika et al., 1995). This system has been used,
or example, to show that mutations in Ku80 abolish
nd-joining, while permitting normal levels of homolo-
ous recombination (Liang et al., 1996), to demonstrate
oss of heterozygosity following the repair of an induced
SB (Moynahan and Jasin, 1997), to estimate the lengths
f gene conversion tracts (Elliott et al., 1998), and to
xamine the control of translocation (Richardson et al.,
998). This in vivo approach is more likely to give a true
icture of the physiological consequences of the forma-
ion and processing of DSBs.
In this paper we report the use of adenovirus vectors
xpressing the yeast mating-type switching endonucle-
se HO to examine the formation and fate of double-
trand breaks created in adenovirus genomes contain-
ng an HO recognition site. The results show that the HO
ecognition site can be cleaved by the HO gene product
n mammalian cells, but that in permissive infections
epair is below the limits of detection of the methods
mployed. Broken genome fragments accumulate and
hose containing packaging signals can be encapsi-
ated. However, in nonpermissive infections in which E4
roduct expression is absent or severely reduced, end-
oining of fragments takes place, suggesting that one or
ore E4 products inhibit DSBR.
RESULTS
Adenovirus vectors containing the yeast HO
endonuclease gene or the HO recognition site
The aim was to create a set of vectors in which DSBs
could be created at high efficiency in a coinfection with
two adenoviruses, one expressing a specific endonucle-
ase and the other containing a single recognition site for
l
cthat endonuclease. The mating-type switch HO endonu-
clease of S. cerevisiae is particularly suitable for this
pproach. First, in its native species, the recognition site
s large, well characterized, and recognized at ectopic
ocations; second, the endonuclease can be expressed
nder heterologous promoters giving considerable flex-
bility in experimental design. Although a recent report
hows that HO endonuclease is functional in plant cells
Chiurazzi et al., 1996), it was not known whether this
ould be true in mammalian cells because it was pos-
ible that yeast-specific accessory factors (Wang et al.,
997) might be necessary for its activity and site-speci-
icity. Alternatively, factors present in mammalian cells
ight inhibit its activity, or the structure of the target
enome might render it inaccessible to enzyme action.
inally, overexpression of the HO gene might be lethal to
he cell, making it impossible to create the appropriate
denovirus vector. Fortunately, adenovirus vector design
s sufficiently flexible to allow the construction of recom-
inant viruses expected to express different levels of HO
ndonuclease and with different temporal onset. In ad-
ition, two different locations for the HO site could be
sed, in case the local sequence in the target genome
nfluenced activity and specificity of cleavage.
The HO-expressing viral vectors were created in two
tages. First the cDNA for the HO gene was placed
ither in early region 3 of plasmid pPF446, where it
ould be under the control of the adenovirus early region
promoter, or in plasmid pAdCMV (Falck-Pedersen et al.,
994), where it would be controlled by the cytomegalo-
irus immediate-early promoter and enhancer (Akrigg et
l., 1985). Second, the two expression cassettes were
ransferred into virus using in vivo recombination either
ith restriction-cut DNA protein complex from virus LLX1
Brunet et al., 1987) or with the large construction plas-
id pJM17 (McGrory et al., 1988). Essentially similar
trategies were used to create viruses with the HO site
mbedded in either E1 or E3, except that the E1 HO site
irus was created by overlap recombination with XbaI-
igested DNA from a derivative of virus dlE3 (Gall et al.,
996). The design of the transfer cassettes and the
lacement of the HO gene and HO site are shown in
igs. 1A–1D. All four viruses were obtained easily and
eplicated to high titer in the appropriate cell lines (data
ot shown). This indicates that the insertions of foreign
NA into the viral genome do not disrupt essential func-
ions and suggests that the expected expression of the
O endonuclease is not toxic to the infected cells, at
east under the transient conditions of a viral infection.
he HO site located in the E3 region can be cleaved
y HO endonuclease-expressing adenovirus vectors
The first goal was to determine whether the HO gene
ocated in the E3 region can be expressed and can
leave the HO site (also located in E3) in a viral genome
e
e
a
virus.
xpressi
213ADENOVIRUS VECTORS EXPRESSING YEAST HO ENDONUCLEASEintroduced by coinfection. A549 cells were coinfected
with the Ad E3::HO gene and Ad E3::HO site and intra-
cellular DNA was isolated at intervals by a modification
of the Hirt (1967) technique. Following digestion by XbaI,
the DNA fragments were separated on an agarose gel
and analyzed by Southern transfer–hybridization using a
probe (see Fig. 2C) that encompassed the E3::HO site.
The results (Fig. 2A) show that there is the expected
increase in DNA corresponding to both parents and the
appearance of a novel band of ;1 kbp (arrow), whose
size is consistent with cutting of the Ad E3::HO site
genome by the HO endonuclease. (The two fragments of
1016 and 1051 nt in length produced by subsequent XbaI
digestion comigrate in this gel system.) The DNA sam-
ples were also analyzed in the absence of XbaI digestion
and a novel band of ;6.5 kbp was observed in the
coinfection (data not shown). Further analyses with a
variety of restriction digestions and probes showed un-
equivocally that the novel band arose from cutting at the
FIG. 1. Shuttle vectors for the construction of virus genomes contain
gene sequence located in the E3 region in the plasmid pPF446::HO g
pPF446, which contains adenovirus DNA from the BamHI site at bp 21,5
coordinates as described by Chroboczek et al. (1992). The predicted str
the plasmid, and the numbers in parentheses are calculated from the an
protein resulting from the insertion of the HO site sequence in the 11.6K
at the unique NotI site in E3 in plasmid pPF446. The stop codon for th
the rightward NotI site. (C) The HO gene located in the E1 region. Plas
of the CMV immediate-early promoter. Adenovirus numbering is acco
plasmid sequence. (D) The location of the HO site in the E1A-deleted
left-hand end of the genome. The BstBI site is located in one of the eHO site (see Figs. 4, 5, and 7 for further evidence). Most
importantly, the band was never observed in single in-
r
ffections with either the HO gene virus or the HO site
virus (Fig. 2A, lanes “gene” and “site”) or in coinfections
with the HO gene virus and the isogenic parent of the HO
site virus (data not shown). Thus we can conclude that
the yeast HO endonuclease expressed in mammalian
cells is capable of recognizing and cleaving a yeast HO
site embedded in the viral genome. Quantitation of the
XbaI fragments from both parental genotypes and the
HO-cleaved fragments shows that the cleaved material
can be detected at 12 h postinfection (p.i.) and the ab-
solute amount increases somewhat faster than the in-
creases in the parental species from about 4% of the
total at 15 h p.i. to an average of about 30% after 21 h p.i.
(Fig. 2B).
The percentage of parental DNA cleaved in the Ad
E3::HO gene 3 Ad E3::HO site coinfections in different
xperiments has ranged from 10 to 40%. There are sev-
ral possible reasons for this plateau value, including
chievement of a steady state between cleavage and
yeast HO endonuclease gene or the HO recognition site. (A) The HO
e HO gene sequence replaces the XbaI to NotI fragment of plasmid
e right-hand end at bp 35 935. Numbers in parentheses represent Ad5
of the chimeric E3A transcript and mRNA is shown immediately below
of wild-type Ad5 E3 by Cladaras and Wold (1985). (B) Potential chimeric
he 181-bp NotI fragment containing the HO site sequence was inserted
ntial chimeric 11.6K/HO site sequence protein is the TAG to the left of
dCMV::HO gene contains the ORF for the HO gene under the control
Chroboczek et al. (1992), while numbers in parentheses refer to the
The HO site sequence is inserted at a NotI linker located toward the
on cassettes present in this virus genome.ing the
ene. Th
62 to th
ucture
alysis
gene. T
e pote
mid pA
rding toejoining of the broken molecules, limited expression
rom the E3 region of an endonuclease that in vitro
214 NICOLA´S ET AL.displays stoichiometric kinetics of cleavage (Jin et al.,
1997), and an inaccessibility of a proportion of the pop-
ulation of viral genomes to cleavage. Lack of accessibil-
FIG. 2. Appearance and accumulation of cleaved fragments of viral
DNA in A549 cells coinfected with E3::HO gene and E3::HO site viruses.
A549 cells grown as monolayers in 35-mm dishes were infected at a
m.o.i. of 10 of each virus, and intracellular DNA was isolated at the
hours postinfection indicated above the lanes. DNA was digested with
XbaI, and the fragments were separated by agarose gel electrophore-
sis and analyzed by Southern transfer–hybridization, using radiola-
beled probe 1 (see Fig. 4). The processed filter was quantitated using
a PhosphorImager. (A) The image captured from the ImageQuant file.
The DNAs from the single infections are shown in the last two lanes
and are labeled “gene” and “site.” The XbaI fragments from the HO gene
and HO site virus genomes are labeled G and S, respectively, and the
novel fragment of about 1 kb in size, present only in the coinfection, is
indicated by the arrow. (B) Quantitation of the three species of DNA that
accumulate during the infection. (C) Restriction enzyme map surround-
ing the E3::HO site. The fragments shown are those expected to be
produced by cleavage in vivo by HO endonuclease followed by XbaI
digestion in vitro and the XbaI fragment uncleaved by HO endonucle-
ase. Probe 1 (see legend to Fig. 4) will hybridize to all the fragments
shown and one of 2817 nt in length derived from XbaI cleavage of DNA
from the E3::HO gene. The sizes of fragments include any protruding 59
and 39 single strands and are given in nucleotides.ity could be caused by a temporal change in the struc-
ture of the target and/or by removal of unbroken ge-nomes by packaging. To address the question of lack of
adequate expression of the HO gene, A549 cells were
coinfected with the Ad E1::HO gene and Ad E3::HO site
viruses, either simultaneously or with the E1::HO gene
virus preinfecting the cells for 24 h, followed by the
E3::HO site virus. Infected cells were harvested at inter-
vals after the E3::HO site infection. In both coinfections
the HO gene is under the control of the immediate-early
CMV promoter and the gene should be expressed at
high levels immediately upon infection. However, neither
coinfection showed evidence for an increase in cutting of
the HO site located in E3, compared with an E3::HO gene
and E3::HO site virus coinfection (Fig. 3; compare 24 h
lanes). The E3::HO site genome was cleaved by 8 h p.i.
in the E1::HO gene preinfection sample, whereas no
cutting could be detected in the simultaneous coinfec-
tion at that time, even after longer exposures of the filter
(data not shown). This finding suggests that temporal
changes in the structure of the viral template may play
some role in accessibility, but the magnitude of the effect
is not great. Further experiments to see whether the level
of HO gene expression could affect the degree of cutting
included increasing the multiplicity of infection (m.o.i.) of
the E3::HO gene virus relative to the E3::HO site virus. No
quantitative effects were detected (data not shown).
Taken together, these results suggest that the observed
upper limits of cutting are not determined solely by a lack
of expression of the HO endonuclease.
FIG. 3. Comparison of cleavage of E3::HO site sequences in coin-
fections of A549 cells with E3::HO site virus and E3::HO gene or E1::HO
gene viruses. Monolayers of A549 cells in 35-mm dishes were infected
with each virus at a m.o.i. of 10, and intracellular DNA was harvested
at intervals and analyzed after digestion with XbaI, essentially as
described in the legend to Fig. 2. Cells were infected with the two
viruses simultaneously (simultaneous) or were infected with E1::HO
gene virus 24 h prior to infection with E3::HO site virus (preinfection).
The numbers above each lane in the autoradiogram refer to hours after
infection with the E3::HO site virus. The right-hand panel shows DNA
from a simultaneous infection with the E3::HO gene and site viruses,
harvested at 24 h p.i. XbaI fragments labeled E1::G, E3::S, and E3::G
refer to those derived from the E1::HO gene, E3::HO site, and E3::HO
gene virus genomes, respectively. The novel band produced by HO
endonuclease cleavage is labeled “Cut.”
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215ADENOVIRUS VECTORS EXPRESSING YEAST HO ENDONUCLEASEAdenovirus genome fragments can be packaged into
viral particles
As mentioned above, packaging of viral genomes
could affect the accessibility of potential targets and
might influence the percentage of broken fragments ob-
served at late times. For example, if some genomes have
not been cleaved, or have been cleaved and repaired, at
the time assembly begins, packaging into virions will
remove these genomes from the pool of potentially
cleavable molecules. On the other hand, if broken frag-
ments are packaged, they will be removed from the pool
of reparable fragments. These two possibilities are not
mutually exclusive, but they will have opposite effects on
the observed frequency of broken fragments.
To address the possibility that packaging might re-
move broken fragments from the intracellular pool, A549
cells were coinfected with the Ad E3::HO gene and Ad
E3::HO site, and DNA was isolated directly from the
infected cells or from CsCl-purified virus from the same
sample of infected cells. The DNAs were digested with
XbaI and examined by Southern transfer hybridization
using two different probes (Fig. 4). Probe 1 recognizes
the intact XbaI fragment and the two fragments created
by HO cleavage, whereas probe 2 is limited to se-
quences distal to the HO cleavage site and thus recog-
nizes the intact XbaI fragment and only the distal cleaved
fragment. The results in Fig. 4A demonstrate two points.
First, the purified virus preparation contains a significant
percentage of DNA cleaved by HO, because the larger
probe hybridizes not only to the intact XbaI species but
also to the species of ;1 kbp produced by HO cleavage.
hus a considerable number of broken fragments are
emoved from the intracellular pool and presumably can-
ot be repaired. Second, probe 2 hybridizes to both the
O-cleaved and uncleaved XbaI fragments in the intra-
cellular DNA, but it hybridizes only to the uncleaved
fragment in the purified virus DNA preparation. Thus the
rightward fragment produced by intracellular HO cleav-
age is not packaged into virions. Because the packaging
signal is located at the left-hand end of the genome
(Hammarskjo¨ld and Winberg, 1980; Gra¨ble and Hearing,
1992; Schmid and Hearing, 1997) and right-hand end
fragments could be incorporated into virions only if they
were attached to the left-hand end fragments, this result
suggests that the two genomic fragments produced by
HO cleavage are not held together tightly enough to
proceed through the packaging process.
The broken fragments produced by cleavage at the
E3 site are not joined efficiently in trans
One of the main purposes in developing the HO en-
donuclease adenovirus vectors was to create double-
strand breaks in vivo and to follow their repair under a
variety of experimental conditions. Having shown that
DSBs can be made, the next step was to gain evidencefor rejoining. In theory, joining could recreate a unit
length molecule, and, depending on the fidelity of the
rejoining reaction, the HO site would be reformed. In
addition, rejoining could occur in trans between two
left-hand or right-hand end fragments to form two types
of large inverted dimeric molecules.
To test the possibility of unfaithful rejoining of the HO
FIG. 4. Left-terminal genome fragments, created by HO endonucle-
ase cleavage, can be found in complete virus particles, whereas
right-terminal fragments are not. (A) A monolayer of A549 cells in a T
175-cm2 flask was coinfected with E3::HO gene and E3::HO site vi-
uses, each at a m.o.i. of 10, and viral DNA was isolated, either directly
rom a small sample of the infected cells or after purification of virus
articles, from the remainder by CsCl density centrifugation. Analysis of
he DNA was essentially as described in the legend to Fig. 2, but
arallel filters were hybridized using probe 1, a plasmid containing the
baI fragment encompassing the HO site, or probe 2, which is a
erivative of probe 1 containing sequences to the right of the HO site.
anes labeled I and V indicate DNA from intracellular and purified virus
reparations, respectively. The positions of the XbaI fragments derived
rom HO gene and HO site virus genomes and the HO endonuclease-
leaved fragment are indicated (gene, site, and cut, respectively). (B)
he positions of XbaI restriction sites flanking the HO endonuclease
ite and the expected XbaI fragments are indicated. Probe 1 is as
escribed in the legend to Fig. 2, and probe 2 contains sequences from
he XhoI site at nt 29,972 to the XbaI site at nt 30,651 of E3::HO site
enome.site, 10 independent coinfections with the Ad E3::HO site
and Ad E3::HO gene were set up, and intracellular DNA
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216 NICOLA´S ET AL.was isolated at late times from 9 of the samples. This
DNA was subjected to PCR amplification using primers
flanking the inserted HO site sequence. Gel electro-
phoresis of the amplified sequence showed a uniform
species of a size expected from amplification of the
wild-type HO site (data not shown). To examine individ-
ual molecules, the PCR products were cloned and se-
quenced. The 35 cloned sequences examined were
identical to that of the wild-type HO site. Infectious virus
present in the 10th coinfected sample was harvested,
and the virus was repassaged to uninfected cells, to see
whether there was any evidence for selection of ge-
nomes that are unable to be cleaved by the HO endo-
nuclease. Again, intracellular DNA was isolated at late
times, PCR-amplified, cloned, and sequenced. Twelve
clones were examined and all had the wild-type HO site.
Taken together, these results indicate either that rejoin-
ing of the HO half sites to form a unit length genome is
always faithful or that the cut molecules are very rarely
rejoined and that the PCR amplification occurs on ge-
nomes that have not been cleaved during the course of
infection.
The possibility that broken fragments can rejoin in
trans was tested by restricting the DNA with either XhoI
r Bst1107I, whose sites are located on either side of the
O site (Fig. 5B). Note that because the HO site is
onpalindromic and is cleaved to give a 39 overhanging
end, rejoining of two identical fragments will necessarily
result in the creation of a novel sequence and the likely
loss of some nucleotides. Southern hybridization of DNA
restricted with these two enzymes (Fig. 5) showed the
presence of the expected XhoI and Bst1107I fragments
(arrows), resulting from HO endonuclease action in the
infected cells, but no evidence for the expected end-
joined products, even on long exposure of the autoradio-
graph. This result suggests that joining in trans is a rare
phenomenon, even though the mammalian cell has very
active DSB repair activities capable of joining noncohe-
sive DNA end structures (Roth and Wilson, 1988). These
results can be taken to indicate either that the ends
created by HO endonuclease are inaccessible to the
repair machinery or that virus infection inhibits the mech-
anism. Results presented below suggest that the latter
idea is the more likely.
An HO site located in the E1 region can be cleaved
by HO endonuclease, under both permissive and
nonpermissive conditions of viral replication
Another possible explanation for the limit to fragment
formation observed in the coinfections with the Ad
E3::HO site and Ad E3::HO gene viruses (Fig. 2B) is that
the frequency of cleavage may be limited by the acces-
sibility of the site in E3. To test this directly, a virus with
the site located in the E1 region was constructed and
crossed with the Ad E1::HO gene virus. Cleavage by HO
t
ewill liberate a left-hand end fragment 450 nt long. Initial
experiments were performed under permissive condi-
tions in 293 cells. Intracellular viral DNA was isolated
and following in vitro digestion with BstBI, the DNA was
nalyzed by Southern transfer–hybridization (Fig. 6, lane
–3). The results show that the HO site in E1 is cleavable
“cut” fragment in lane 3). Repeated experiments have
emonstrated that the steady-state level of E1 site cleav-
ge in 293 cells is between 5 and 20%, somewhat lower
han the range of 10–40% seen with the site in E3 as-
ayed in A549 cells. Similar values were observed in
rosses between the Ad E1::HO site and the Ad E3::HO
ene in A549 cells (data not shown), again supporting
he suggestion made above that the degree of cutting of
FIG. 5. Fragmented genomes, arising from coinfections of E3::HO
gene and E3::HO site viruses, do not rejoin in trans to give head-to-
head or tail-to-tail dimeric DNA species. (A) DNA samples from the
infections described in the legend to Fig. 2 were digested with either
Bst1107I or XhoI and analyzed by Southern hybridization, using probe 1.
Hours postinfection are indicated above the lanes. G and S refer to
DNAs isolated from single infections with the E3::HO gene and E3::HO
site viruses, respectively, harvested at 48 h p.i. and digested with
Bst1107I. The image is derived from the ImageQuant file of the filter.
The fragments of 595 and 372 nt in length produced by in vivo cleavage
by HO endonuclease followed by in vitro digestion with Bst1107I and
XhoI, respectively, are indicated by arrows (see B for origins of these
small fragments). Large fragments at the top of the picture include
species of 4812 nt and greater, derived from digested E3::HO gene and
E3::HO site virus genomes. (B) Positions of the restriction sites for the
enzymes used in the analysis and the extent of probe 1 are indicated.he HO site is probably not limited by the levels of
xpression of the HO endonuclease.
f217ADENOVIRUS VECTORS EXPRESSING YEAST HO ENDONUCLEASEOne possibility for the low level of apparent cutting at
the E1::HO site is that the left-hand end of the genome
may become associated with proteins necessary for
assembly into mature virus particles. This is plausible
given that the packaging signal is located toward the
left-hand end (Hammarskjo¨ld and Winberg, 1980; Gra¨ble
and Hearing, 1992; Schmid and Hearing, 1997) and that
the left-hand end is preferentially incorporated into in-
complete particles (Chee-Sheung and Ginsberg, 1982).
To test the level of cutting under nonpermissive condi-
tions, the coinfection with Ad E1::HO site and Ad E1::HO
gene viruses was repeated in A549 cells, and the intra-
cellular DNA was isolated at intervals after infection,
digested in vitro with BstBI, and then analyzed by South-
FIG. 6. Fragmented genomes, arising from coinfections of E1::HO
gene and E1::HO site viruses, can form dimeric species in nonpermis-
sive A549 cells but not in permissive 293 cells. (A) Cells in monolayer
culture were infected with each virus at a m.o.i. of 10; intracellular DNA
was isolated and digested with BstBI, before electrophoresis and
Southern analysis, using a probe that recognizes the left-hand 355 bp
of the adenovirus genome. The smaller BstBI DNA fragment DNA from
the E1::HO gene virus genome, hybridizing to this probe, is 1278 nt long
and is indicated (“gene”), while the fragment from the E1::HO site
genome (“site”) is 2010 nt long. If cleaved in vivo by the HO endonucle-
ase, this fragment is reduced in size to 450 nt (“cut”). The fragment of
1564 nt to the right of the HO site is not recognized by the probe. The
arrow on the right indicates the novel fragment of ;900 bp found only
in the A549 cell samples. Lanes 1 and 4, infection with E1::HO site only;
lanes 2 and 5, infection with E1::HO gene only; lanes 3 and 6, coinfec-
tions harvested 2 days p.i.; lanes 7 and 8, coinfections harvested 4 and
8 days p.i. (B) Diagram of the locations of the fragments produced by
cleavage by HO endonuclease in vivo and BstBI in vitro. The probe will
also recognize fragments of ;35 kbp distal to the BstBI site derived
rom both E1::HO gene and E1::HO site virus genomes.ern transfer–hybridization. As shown in Fig. 6 (lanes 4–8)
not only was the expected cut band observed, but also anovel species of about 900 bp (arrow). This novel spe-
cies, which increased in abundance at later times, was
not seen in coinfections in 293 cells. Further analysis of
the viral DNA with a variety of restriction enzymes and
probes demonstrated that the 900-bp species is an in-
verted dimer of the cut species. This is most likely to
arise from end-joining of two individual fragments. Note
that the size range of this novel species appears to be
quite uniform, suggesting that most of the end-joining
occurs by a precise mechanism and that few nucleotides
are lost, as suggested from previous results with trans-
fected DNA [reviewed in Roth and Wilson (1988)]. It
should also be pointed out that the accumulation of cut
and joined species reached some 90% of the total of
E1::HO site genome DNA, compared to the lower levels
seen with the E1 cross in permissive 293 coinfections.
Analysis with probes complementary to the larger right-
hand end fragments demonstrated that they also formed
dimer species (data not shown). These results suggest
that DSBR can occur if expression of E1 products is
absent, and they indicate that E1 acts directly or indi-
rectly to inhibit end-joining. It is important to note that
these observations are not limited to A549 cells, as very
similar results have been obtained in nonpermissive
HeLa and KB cell derivatives (data not shown).
E4 products inhibit DSBR
The results with the E1::HO virus coinfections in A549
cells could be explained if E1 products themselves in-
hibit end-joining or if E1A is necessary to induce down-
stream viral products that are the inhibitory factors. Wei-
den and Ginsberg (1994) showed that infections of E4
deletion viruses in nonpermissive human KB cells exhib-
ited genome concatemer formation, and one possible
interpretation of their observations is that E4 products
inhibit the end-joining of adenovirus genomes. To test
this idea with the HO system, two further viruses were
created, Ad5 E3::HO gene DE4 and Ad5 E3::HO site DE4,
both of which contain the major E4 deletion present in
H5dl366 (Halbert et al., 1986). Nonpermissive A549 or
permissive W162 cells (Weinberg and Ketner, 1983) were
infected with these viruses, and intracellular DNA was
examined by Southern hybridization following digestion
with BstZ17I. A novel band of approximately 1.2 kb was
observed in samples from coinfections of A549 cells with
the E4 deleted viruses (Fig. 7, duplicate samples in lanes
6 and 7, arrow) and not in the permissive W162 cells (lane
3) or in parallel infections of E3::HO E4 wild-type viruses
in A549 cells (lane 10). Thus, eliminating E4 expression
leads to detectable DSBR activity. These results suggest
that one or more E4 products inhibit end-joining and, by
inference, that the failure to inhibit this activity is one of
the causes of genome concatemer formation in E4 de-
letion infections (Weiden and Ginsberg, 1994). As with
the crosses involving the E1::HO viruses in nonpermis-
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218 NICOLA´S ET AL.sive cells, the end-joined species seems to be uniform in
size, again suggesting a precise mechanism. This is in
contrast to the genome concatemer junctions, which are
much more heterogeneous (Weiden and Ginsberg, 1994),
and Hoey and Young (in preparation).
DISCUSSION
Prior to this study, the use of adenovirus to study
double-strand break repair had been limited either to the
analysis of fragments of viral DNA transmitted to the cell
by the relatively inefficient method of transfection (Volkert
et al., 1989; Volkert and Young, 1983; Mautner and
Mackay, 1984) or to the analysis of the capacities of
normal and repair-deficient cell types to reactivate DNA
damaged by a variety of agents capable of making DNA
adducts or single- or double-strand breaks [for a recent
example see Rolig et al. (1997)]. In contrast, the facility
with which adenovirus can be used as a vector has not
been exploited comprehensively to study repair phenom-
FIG. 7. Coinfections of E3::HO gene DE4 and E3::HO site DE4 virus
permissive W162 cells. (A) Monolayers of cells in 35-mm dishes wer
Intracellular DNA was isolated from W162 cells infected with E3::HO DE
r A549 cells infected with E3::HO E4 wild-type viruses (lanes 8–11). Th
. The fragment produced by in vivo HO endonuclease cleavage of t
Bst1107I), is 595 nt long and is labeled “fragment” to the left of the auto
cells with the DE4 viruses (lanes 6 and 7) is indicated by the arrow. L
ite coinfection of A549 cells. The fragment indicated on the right i
ndonuclease. (B) Map of the relevant restriction and HO endonuclea
ragment from the E3::HO site virus genome (see Fig. 2C).ena, even though this is a very promising approach. The
results presented here show that adenovirus vectorsexpressing the yeast mating-type switch HO endonucle-
ase can be used to create DSBs in other viral genomes
containing the HO recognition site, that the broken frag-
ments containing a packaging signal can be incorpo-
rated into complete virus particles, and, in certain cir-
cumstances, that they can rejoin in trans. Thus adenovi-
rus vectors can be used to investigate DSB repair, and it
is likely that this will be true under a range of experi-
mental conditions and in a wide variety of cell types. As
an obvious example, it will be of some interest to use this
vector system to examine the capacities of cell lines
known or expected to be deficient in various aspects of
DSB repair [for recent reviews see Jeggo (1998), Zdzien-
icka (1999), and Kanaar et al. (1998)].
The observation that a viral genome containing an HO
site can be cleaved by the HO endonuclease expressed
from a coinfecting adenovirus demonstrates that no
other yeast-specific cofactor is required for enzymatic
action in mammalian cells. Whether the activity could be
onpermissive A549 cells give rise to dimeric DNA species, but not in
ted at a multiplicity of 10 of each virus and harvested after 4 days.
s (lanes 1–3), A549 cells infected with E3::HO DE4 viruses (lanes 4–7),
was digested and analyzed as described in the legends to Figs. 2 and
site, followed by in vitro digestion with BstZ17I (an isoschizomer of
am. The novel band found only in coinfections of nonpermissive A549
contains XbaI-digested DNA isolated from an E3::HO gene 3 E3::HO
oublet produced by XbaI cleavage of DNA digested in vivo by HO
. Hybridization was conducted with probe 1, which contains the XbaIes in n
e infec
4 viruse
e DNA
he HO
radiogr
ane 11
s the dincreased by such factors is currently unknown, but it
has been shown that sequences surrounding the mini-
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219ADENOVIRUS VECTORS EXPRESSING YEAST HO ENDONUCLEASEmum recognition site enhance the cleavability of the site
and that protein factors bind to these flanking sequences
(Wang et al., 1997). Moreover, the activity of the purified
endonuclease has been shown to be inefficient and that
the enzyme is required in stoichiometric amounts (Jin et
al., 1997). It is possible that the relative inefficiency of the
enzyme acting alone may contribute to the plateau levels
of fragment formation observed in the coinfection exper-
iments (Figs. 2 and 3).
The fact that the HO site located at two positions in the
adenovirus genome can be cleaved by HO endonucle-
ase shows that the viral DNA is accessible to “foreign”
enzymatic activity, at least at some stage in the replica-
tive cycle. However, it is not known whether there is any
stage specificity to cleavage at specific sites or any
requirement for viral “chromosome” modification prior to
cleavage. The data in Fig. 6 show that it is not necessary
to enter the late phase of replication for the HO site
located in E1 to be cleaved, but in an infection in which
the Ad E1::HO gene virus was added to nonpermissive
A549 cells 24 h prior to the addition of the Ad E3::HO site
virus, we were not able to detect any cleavage of the
E3::HO site until the second virus had been resident for
a further 8 h (Fig. 3). Assuming that the HO endonuclease
had had time to accumulate to high levels, it is surprising
that the incoming HO site genome was not immediately
cleaved, unless uncoating of the second virus DNA is
incomplete until several hours postinfection. An alterna-
tive explanation would be that the DNA is cleaved effi-
ciently but that at early times it is also repaired very
efficiently (see below).
The initial rationale for developing adenovirus vectors
expressing the HO endonuclease or containing the HO
site was to follow the repair of DSBs created in vivo. Thus
initially it was disappointing to discover no evidence for
end-joining in the Ad E3::HO site by Ad E3::HO gene
coinfection (Fig. 5). There are several possibilities for this
apparent lack of end-joining. One is that the ends of the
cleaved fragments are not accessible to the repair ma-
chinery, perhaps because the HO enzyme remains
bound to the ends or because a significant proportion of
the DNA is packaged. Evidence was obtained that the
latter can occur (Fig. 4), but for reasons described below,
we do not believe that this is necessary or sufficient to
explain the lack of end-joined products. Another alterna-
tive is that the repair mechanism is so efficient that as
soon as the HO endonuclease cleaves its site, creating
two nicks in the DNA duplex held together by four com-
plementary base pairs, the two nicks are resealed by
DNA ligase. This would explain the lack of modified HO
sites observed in the PCR analysis of the viral DNA pools
obtained from the mixed infections and the failure to
observe any trans products (Fig. 5). Again, we now be-
ieve that this idea is insufficient to explain the absence
f end-joined products. A third and much more interest-
a
ding possibility is that virus infection inhibits the end-
joining mechanism of DSB repair.
The first evidence that viral gene products might in-
hibit end-joining came from a comparison of the coinfec-
tions with the Ad E1::HO viruses in either permissive 293
or nonpermissive A549 cells (Fig. 6). In the latter, the HO
site is indeed cleaved but a new species of double the
size of the end fragment is observed. Restriction endo-
nuclease digestions showed conclusively that this is an
inverted dimer of the end fragment, consistent with join-
ing at the cleaved ends. This species was absent in
coinfections in permissive 293 cells (Fig. 6) and very
much reduced in coinfections of A549 cells with the Ad5
E1::HO site and Ad5 E3::HO gene viruses (data not
shown), in which E1 gene products are expressed.
These results suggest that the appearance of the dimer
species is inversely correlated with the expression of E1
gene products. Because E1A is required for the activa-
tion of all adenovirus early and late genes, the absence
of one or more of their products could account for the
apparent lack of inhibition of end-joining in A549 cells
under conditions in which E1A is not expressed. Among
the candidates for the gene products responsible for
inhibition of end-joining are those of E4 region ORF3 and
ORF6, whose absence leads to the formation of concate-
mers of adenovirus genomes in nonpermissive cells
(Weiden and Ginsberg, 1994). The results with E3::HO
vector viruses in which the whole of the E4 region has
been deleted are consistent with this idea. In contrast to
the results with the parental E3::HO viruses (Figs. 5 and
7), cleavage of the E3 HO site is accompanied by the
formation of dimer-sized molecules in nonpermissive
A549 cells (Fig. 7). In contrast, the dimer-sized molecules
were not observed in W162 cells (Fig. 7), in which E4
gene products are expressed from integrated sequences
after E1A induction (Weinberg and Ketner, 1983). Thus
the absence of E4 expression is correlated with the lack
of inhibition of end-joining. The two E4 products most
likely to contribute to this inhibition are the ORF6 protein
(pORF6), which has been shown to interact with p53
(Dobner et al., 1996; Nevels et al., 1997), and pORF3,
hich is functionally redundant with pORF6 in the inhi-
ition of genome concatemer formation (Weiden and
insberg, 1994) as well as some (Bridge and Ketner,
989; Huang and Hearing, 1989) but not all other func-
ions [for a recent example see Leppard and Everett
1999)]. Recently we constructed a virus that expresses
ORF6 from the E1 region in an Ad5 E3::HO site DE4
ackground. In triple infections of A549 cells with this
irus, and the E3::HO site DE4 and E3::HO gene DE4
iruses, production of the dimer-sized species is mark-
dly inhibited (Hoey and Young, in preparation), suggest-
ng that pORF6 can inhibit end-joining in the absence of
ll other E4 products. Consistent with this idea, recent
ata from Ketner and colleagues indicate that expression
220 NICOLA´S ET AL.of pORF6 can inhibit VDJ joining in transient transfection
assays (Boyer et al., 1999).
Why should the virus devote valuable genetic “space”
to interfering with a fundamental cellular mechanism?
The answer to this question may have two parts. First,
the viral genome probably has little need for such mech-
anisms. The target size of the genome is small, its mode
of DNA replication is distinct from that of the host with no
need for precise coordination of leading and lagging
strand synthesis, which may be a source of DSBs in the
host cell genome, and it makes thousands of copies of
its genome, which are randomly packaged into capsids.
A rare DSB would not compromise the outcome of the
infection. Second, genome concatemer formation must
be avoided at late times in infection because adenovirus
does not have a method of packaging unit length ge-
nomes from such concatemers. Although the 59 ends of
adenovirus DNA are attached to the terminal protein, this
is not a perfect protection from joining of termini, as
Graham and colleagues first showed (Ruben et al., 1983;
Graham, 1984) and the evidence of Weiden and Ginsberg
(1994) confirmed. In this context, it is interesting that E4
products including ORF3 and ORF6 continue to be syn-
thesized into the late phase of the infectious cycle (Dix
and Leppard, 1993).
It may prove to be rewarding to try to identify the
targets of the E4 products that inhibit DSBR. Recent
evidence (Boyer et al., 1999) shows that pORF6 binds to
the DNA-dependent protein kinase known to be involved
in the control of the end-joining mechanism of DSBR
(Finnie et al., 1996; Lieber et al., 1997; Jeggo, 1997),
consistent with the observation mentioned above that
expression of pORF6 can inhibit VDJ joining in transient
transfection assays (Boyer et al., 1999). Whether or not
the known interactions of pORF6 with p53 (Dobner et al.,
1996; Nevels et al., 1997) and the adenovirus E1B p55
protein (Sarnow et al., 1984; Rubenwolf et al., 1997; Dob-
belstein et al., 1997) are important in the inhibition of
DSBR remains to be determined, as does the potential
role of pORF3 in such inhibition.
MATERIALS AND METHODS
Host cells and culture methods
Human embryo kidney-derived 293 cells (Graham et
al., 1977), which contain and express the adenovirus E1
region, were grown in monolayer culture in DMEM with
10% FetalClone II (Hyclone, Logan, UT). These cells were
used in transfections to create E1-deleted vector viruses
and in propagation and titration. Human A549 cells de-
rived from a small cell carcinoma of the lung (Giard et al.,
1973) were also grown in monolayer culture in DMEM
with 10% supplemental calf serum (Hyclone). They were
used in the creation, propagation, and titration of the
E3-modified vector viruses. Monkey W162 cells (Wein-
berg and Ketner, 1983), which contain the adenovirus E4region under E4 promoter control, were grown in mono-
layer culture in DMEM with 10% supplemental calf se-
rum. They were used in the creation, propagation, and
titration of the E3-modified, E4-deleted virus vectors.
The construction of adenovirus vectors
Vectors with insertions in the E3 region. The yeast HO
endonuclease gene or the HO recognition site DNA were
inserted into plasmid pPF446. This plasmid, constructed
by Dr. Paul Freimuth, contains the right-hand end of the
adenovirus serotype 5 genome extending from the
BamHI site at bp 21,562 (Chroboczek et al., 1992) to a SalI
linker added to the end of the ITR, cloned into the same
restriction sites in pBR322. The HO gene sequence,
flanked by unique XbaI and NotI sites and consisting of
the ORF, 3 nt 59 of the initiator ATG and 54 nt 39 of the
stop codon TAA (Russell et al., 1986), was obtained in a
series of subcloning steps from plasmid pHOT, gener-
ously provided by the laboratory of Dr. Rodney Rothstein.
The XbaI and NotI sites were used to replace the E3
sequence extending from the distal XbaI site at bp 28,592
to the NotI site at bp 29,509 (Fig. 1A). In this design, the
initial transcript, containing the HO sequences, should
be processed at the natural E3 splice sites and polyad-
enylation signals used in the formation of the abundant
viral E3A mRNA “a” (Wold and Gooding, 1991). Sequences
corresponding to the carboxy terminus of the E3A 6.7K
gene, all of the E3A gp19K gene, and the amino terminus
of the E3A 11.6K gene are deleted, while E3B sequences
remain intact. The expected structure of the HO gene
mRNA and ORF are shown in the lower part of Fig. 1A. A
similar strategy was used to construct a derivative of
pPF446 containing the HO site from the MATa locus.
Plasmid pWJ421, also obtained from Dr. Rothstein’s lab-
oratory, was modified so that 117 bp of the HO site
sequence was flanked by several polylinker sites includ-
ing two NotI sites, giving a NotI fragment of 181 bp. The
HO site sequence was cloned into the unique NotI site of
pPF446, in the orientation opposite to that conventionally
shown (Strathern, 1988). This insertion should disrupt the
E3A 11.6K gene only, which may be translated as a hybrid
protein with 10 amino acids of the original followed by 51
novel amino acids derived from the insertion (see Fig.
1B). Transfections were performed with each of the
pPF446 derivatives and EcoRI-cut DNA–protein complex
(DNA–PC) from LLX1 (Brunet et al., 1987), by standard
procedures (Volkert and Young, 1983; Young et al., 1999),
and recombinant viruses were isolated and analyzed to
ensure that the correct genome structure had been cre-
ated. Sequence analyses of the recombinant viruses
confirmed the presence and expected sequences for the
HO gene and site. The viral vectors, designated the Ad
E3::HO gene and Ad E3::HO site, replicate to wild-type
levels in human A549 cells.
A second pair of viruses was constructed in which the
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221ADENOVIRUS VECTORS EXPRESSING YEAST HO ENDONUCLEASEE4 deletion from H5dl366 (Halbert et al., 1986) was com-
ined with the Ad5 E3::HO gene or site. This deletion is
ull for E4 expression. Ad5 E3::HO site DE4 was con-
tructed in a three-part overlap reaction as follows:
NA–PCs isolated from H5dl366 or from a phenotypi-
ally wild-type virus P54 (Munz et al., 1983) were cleaved
ith NdeI or EcoRI, respectively, and plasmid DNA from
he pPF446::HO site was cleaved with BstEII. These
leavage reactions create a left-side overlap between
he plasmid BstEII site at bp 24,843 and the P54 EcoRI
ite at bp 27,331 and a right-side overlap between the
5dl366 NdeI site at bp 31,048 and the plasmid BstEII
ite at bp 35,233. The cleaved DNA products were trans-
ected into the E4 expressing W162 cells (Weinberg and
etner, 1983) and viable virus was isolated from a “liquid
ield” using techniques described in detail previously
Volkert et al., 1989). Following a plaque assay on W162
ells, individual isolates were screened for the inability
o replicate on A549 cells. Attempts to construct the Ad5
3::HO gene DE4 virus by similar means failed, so it was
onstructed as follows: The rightmost adenovirus SmaI
ragment [the same fragment deleted in H5dl366 (Halbert
t al., 1986)] was removed from the pPF466::HO gene in
wo steps: the NotI–SalI fragment from pPF446::HO gene
as cloned into pSL180, the SmaI fragment was re-
oved, and the deleted NotI to SalI fragment was re-
laced in the pPF446::HO gene. The resulting plasmid
as used in an overlap reaction with DNA–PC from
5dl366 cleaved with EcoRI, SpeI, and SrfI and virus was
creened for the appropriate genome structure, as de-
cribed above for the HO site virus. As expected, both
4-deleted derivatives produced infectious virus in W162
ells, but not in A549 cells.
Vectors with insertions in the E1 region. Two different
trategies were used to create the Ad E1::HO gene
nd Ad E1::HO site vectors. The yeast HO gene se-
uence described above was modified to have unique
lanking HindIII and SalI sites, and these were cloned
nto pAdCMV (Falck-Pedersen et al., 1994), a modified
orm of pBR322 that contains the following elements
lockwise from the EcoRI site: The left-hand ITR and
he packaging sequence up to bp 355; the CMV im-
ediate-early promoter and enhancer (Akrigg et al.,
985); sequences corresponding to artificial splice sig-
als upstream of the cloning sites; the HindIII and SalI
loning sites; a poly(A) site selection sequence from
he mouse b-globin major gene (Konkel et al., 1978);
nd finally adenovirus type 5 sequences from bp 2966
hrough 5792. The resulting plasmid pAdCMV::HO
ene is shown in Fig. 1C. The virus Ad E1::HO gene
as constructed by cotransfection, into early passage
uman 293 cells (Graham et al., 1977), of DNA from the
pAdCMV::HO gene and from the larger than genome-
size plasmid pJM17, a kind gift of Dr. Frank Graham.
Recombination between the DNAs of the HO gene-
containing plasmid and pJM17 was expected to yield agenome within the packaging limit, whereas genomes
derived from pJM17 itself are too large to package
(McGrory et al., 1988). Virus arising from the yield was
of the desired genome structure, and high-titer stocks
were prepared from plaque-purified material. The virus
Ad E1::HO site was constructed using a different plas-
mid vector, pAdCMVcatgDneo1 (Gall et al., 1996). This
ontains adenovirus sequences from the left-hand end
s described for pAdCMV above and from bp 1575 to
792. The adenovirus sequences flank a pair of mam-
alian expression cassettes controlling the neo and
at genes. The HO site sequence was cloned into a
nique NotI site at bp 355 (Fig. 1D), using the fragment
rom pWJ421 described above. The orientation of the
O site is opposite to that of the site in E3. Virus was
onstructed by overlap recombination between the
1::HO site plasmid and XbaI-restricted DNA from an
denovirus genome containing a major deletion in E3
Gall et al., 1996) and several XbaI sites at the left-
hand end, to facilitate the exclusion of nonrecombi-
nant genomes in the plaques resulting from the trans-
fection on 293 cells. Both of the E1 vectors are repli-
cation-deficient on cell lines that do not express
adenovirus E1A and thus must be propagated and
titrated on 293 cells.
Viral infections and isolation of intracellular viral DNA
Human A549 or 293 cells and monkey W162 cells were
grown in 35-mm dishes until confluent. The monolayers
were infected at a multiplicity of either 5 or 10 fluorescent
focus units per cell and incubated for various times, and
the intracellular viral DNA was isolated by a modification
of the Hirt (1967) technique, generally omitting the phenol
separation step.
Analysis of intracellular DNA by Southern
transfer–hybridization
Intracellular DNA was isolated as described above
and subjected to restriction enzyme digestion appropri-
ate to the specific vector viruses used in the infection.
The DNA fragments were resolved by agarose gel elec-
trophoresis and transferred to nitrocellulose membranes
(Protran; Schleicher and Schuell, Keene, NH) using meth-
ods described previously (Reach et al., 1990). Probes
specific for different regions of the adenovirus genome
(described in the appropriate figure legends) were pre-
pared from whole plasmid DNA preparations by the ran-
dom priming method (Feinberg and Vogelstein, 1983).
Hybridization and washing conditions have been de-
scribed previously (Reach et al., 1990). Quantitation of
the amounts of parental genome DNA and of the DNA
cleaved by HO endonuclease was performed on a Phos-
phorImager (Molecular Dynamics) using ImageQuant
software.
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in region E3
PCR was used to analyze intracellular viral DNA from
A549 cells coinfected with Ad E3::HO site and Ad E3::HO
gene viruses. Ten parallel infections were set up, DNA
was isolated from 9 samples, while virus was harvested
from the 10th infection and then used to inoculate an-
other monolayer. One microliter of DNA from each of
these 10 pools was subjected to PCR amplification with
a Perkin–Elmer PCR kit. The reaction conditions were as
follows: 1 mM HO primer II (59-CCCACCCTAACAGAGAT-
ACC-39), 1 mM HO primer III (59-GCGGCCGCAATTC-
CGGGG-39), 2 mM MgCl2, standard dNTP concentra-
tions, and Taq polymerase and buffer concentrations. A
Perkin–Elmer PCR thermocycler was used under the
following conditions: 94°C for 4 min, then 30 cycles of
94°C for 1 min, 55°C for 2 min, 72°C for 3 min, 72°C for
7 min. Five microliters of the reaction was analyzed by
electrophoresis and a uniformly sized product of 220 bp
was observed. The product was cloned using the TA
Cloning Kit (Invitrogen), following the manufacturer’s in-
structions. Individual colonies arising from the transfor-
mation were inoculated into 5 ml of LB with 50 mg/ml of
anamycin and grown overnight. DNA was prepared for
equencing using the “Speedprep” method (Goode and
einstein, 1992), one-half of the final yield of DNA was
enatured, and T7 or SP6 primer was annealed. Se-
uencing was performed using the “Sequenase” kit (U.S.
iochemical) with dGTP termination solutions, according
o the manufacturer’s instructions.
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